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ABSTRACT 
Applications ofFourier Transform Ion Cyclotron Resonance (FTICR) to organic 
and inorganic analysis have been demonstrated through investigations on: (1) 
terpyridine-based polyether dendrimers and their iron(II) metallocomplexes, and (2) 
neutral lanthanide(III) porphyrin-phthalocyanine heteroleptic sandwich complexes. 
In the first part, dendrimers and metallodendrimers with molecular weight below 
3,500 Da were successfully analyzed using liquid secondary ion mass spectrometry 
(LSIMS). Fragmentation pattems were well-correlated to their structures. In addition 
to the unexpected redox phenomenon of the iron(II) metal center, there also exists a 
high order of multiple charging which is attributed to multiple loss of electrons from 
the terpyridine core. To circumvent the limitations of LSB/[S in analysis of high 
molecular weight compounds, electrospray ionization pESI) was contentedly applied. 
The ‘soft’ transition of analyte molecules from condensed phase (liquid) into the gas 
phase allowed the formation of intact molecular ions of high mass dendrimers and 
metallodendrimers. Multiple charging was found uncommon to these molecules 
under ESI conditions. It is tentatively attributed to the steric hindrance caused by the 
rigidity of the three dimensional structure. 
In the second part, neutral lanthanide(III) porphyrin-phthalocyanine heteroleptic 
sandwich complexes were characterized using ESI-FTICR. The formation of intense 
singly charged molecular radical cations is believed to be the result of electrochemical 
oxidation process(es) at the ES needle. From the fragmentation pattems of the 
europium complexes under nozzle-skimmer (NS) dissociation and collision-induced 
dissociation (CH)), the configurations of the triple-decker complexes have been 




1.1. Historical Background 
The development of Fourier transform ion cyclotron resonance pFTICR) can 
be traced back to the introduction of omegatron mass spectrometer in 1949 by 
Sommer, Thomas and Hipple. ^ '^  Omegatron mass spectrometer employed a 
combination of static electric and magnetic fields to trap ions. The ions were excited 
with a radio-frequency (rf) radiation at their cyclotron frequencies and the signals 
were detected by striking the ions onto a collector electrode. In spite of the 
simplicity, high sensitivity and the ability to perform precise mass measurement, this 
type of mass analyzer was found limited analytical utilities due to its limited ion 
trapping capability, poor mass resolution, restricted upper mass range and slow scan 
rate. 
In the 1960s, Wobschall has constructed an ICR spectrometer that was 
different from the omegatron in which ionization and detection occurred in separate 
regions of the vacuum chamber. A radiofrequency bridge circuit was used to measure 
ICR power absorption.^ This instrument was subsequently modified into a 
multisection drift ICR spectrometer that combined double resonance techniques^ with 
marginal oscillator detection method/ Although drift cell ICR of this type had found 
A Q 
great utility in ion/molecule studies, this ICR analyzer had continued to exhibit the 
undesirable features of omegatron mass spectrometer. 
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In the early 1970s, two advances were made in ICR instrumental design that 
provided the foundation for modern high-performance ICR mass spectrometry. In 
1970 McIves^® introduced a ‘trapped-ion cell which was designed to restrict the 
motions of ions inside an ICR analyzer cell using a combination of magnetic and 
electric fields. The trapped-ion cell was distinguished from the drift cell by its pulsed 
(rather than continuous) mode of operation. Using this new cell design hundredfold 
increase in ion storage time was achieved. In 1974 Comisarow and Marshall^ '^^ ^ 
described a non-destructive multiplex detection scheme for ICR mass spectrometry. 
In their method, a time-domain ICR signal was acquired by monitoring the ion image 
developed on electrodes as ions orbited within the cell. This signal was decoded with 
the Fourier transform algorithm^^ to yield a frequency-domain representation. 
Frequency-domain representation was then converted to conventional mass spectrum 
through a simple mathematical function. The technique is now known as Fourier 
transform ion cyclotron resonance (FTICR) or synonymously as Fourier transform 
mass spectrometry (FTMS). Modern FTICR continues the rich history of ICR as a 
reactor and monitor for gas phase ion/molecule reactions. ^ ^ In addition, it is also 
acknowledged as a high-performance mass spectrometer with unrivaled mass 
resolutioni5 and precision^^. 
1.2. FTICR with External Ion Source 
One of the important factors governing the high performance ofFTICR is the 
vacuum conditions inside the trap cell. High background pressure (>10'^ Torr) 
seriously deteriorates the mass resolution and precision of mass measurement. In the 
2 
early generation ofFTICR, ionization took place inside the magnet, i.e. internal ion 
source. Although, this arrangement gains important benefit of strong ion focusing, it 
imposes strong limitations on the types of ionization techniques that are compatible 
with this arrangement. For instance, liquid secondary ion mass spectrometry (LSB^S) 
requires the use of viscous liquid matrix to embed sample molecules. The presence of 
a liquid seriously increases the background pressure of the vacuum and renders this 
technique incompatible with FTMS. In addition, the present high magnetic field 
strongly interacts with the cesium ion beam which is used to induce desorptiony^ 
ionization by energetic bombardment. ^ ^ 
Much effort has been made in designing exteraal source instruments in which 
the ionization process happens entirely outside the magnet. With this arrangement, 
ions are formed well away from the strong magnetic field and the undesirable 
magnetic mirror effect can be minimized. The analyzer cell is entirely separated from 
the ion source and the ultra-high vacuum is maintained by using multiple stages of 
differential pumping. A variety of source conditions, induced by different ionization 
techniques, can then be accommodated. ^ ^ 
The most significant factor affecting the performance of FTICR with the 
external source is the efficient injection of externally generated ions through the 
fringing magnetic field into the magnet bore, and the subsequent retention of these 
ions in the analyzer cell. The first successfiil demonstration of exteraal source FTICR 
was made by McIver et. al..^^ Two quadrupole lenses were used, with the first one 
operating at rf-oniy mode to transmit all ions or at rfi^ dc mode to transmit ions in a 
selected mass range. The second one was used for focusing and guiding the ions 
3 
through the fringing magnetic field into the analyzer cell. In this way, the magnetic 
mirror effect was avoided and a large fraction of ions reached the trapped-ion cell. 
An alternative design used electrostatic lenses to guide ions into the analyzer cell.^ '^^ ^ 
One of the distinct advantages of the electrostatic focusing system is an improved 
control over ion kinetic energies. This allows the use of more elaborate types of mass 
selection and simplifies the tailing of ion kinetic energy to match the trapping 
potential.i7 
The development of external ion source enables FTICR to couple with 
various ionization techniques and sample introduction systems. Ion sources which 
have been successfully interfaced to FTICR mass analyzers include: electron impact 
(EI)/^ chemical ionization (CI),^ ^ laser desorption (LD),^^ fast atom bombardment 
(FAB),2o secondary ion mass spectrometry (SDvlS),^ ^ ^"Cf plasma desorption (PD),^^ 
matrix-assisted laser desorption/ ionization (MALDI)^^ and electrospray ionization 
(ESD.26 
1.3. High Mass Analysis in FTICR 
Although gas-phase ion-molecule reaction remains an important area of 
research in FTICR studies, other areas of applications of FTICR, such as 
coordination chemistry^^ and surface c h e m i s t r y ? have also been introduced. One of 
the most active research areas is to extend the analytical capability of FTICR to 
analyze non-volatile and high mass molecules. With the high resolution and accurate 
mass measurement properties of FTICR, there is an increasing interest in interfacing 
FTICR with various desorption/ ionization techniques. 
4 
Liquid secondary ion mass spectrometry (LSIMS or FAB) has been widely 
accepted as a method for the analysis of nonvolatile samples. They can provide usefiil 
molecular weight information and abundant structurally related fragment ions. 
LSEVLS has previously been coupled to FTICR for analysis of both small and high 
mass molecules.29-3i One of their limitations is however associated with the 
inefficiency of desorption and ionization ofhigh mass molecules (MW>4,000). 
Matrix-assisted laser desorption/ ionization (MALDI) has become an 
important technique for analysis ofbiochemical molecules with masses up to hundred 
thousand Daltons.^^ Ions generated from MALDI are primarily singly charged 
molecular ions of the analyte with little or no fragmentation. This technique is 
commonly coupled with time-of-fIight mass spectrometer. With the intrinsic 
properties of the time-of-flight mass analyzers, the accuracy of mass measurement 
has been limited to 0.1% of the molecular weight of the molecule. Interfacing the 
MALDI method to FTICR should allow analysis of macromolecules with higher mass 
<^ c 
accuracy. Unfortunately, the large distribution of the initial kinetic energies of the 
MALDI desorbed ions (which scales up with the molecular weight) limits the 
trapping efficiency under typical trapping voltages and hence hinders the performance 
of MALDI-FTICR. Increasing the trapping voltages, on the other hand, may cause 
ejection of ions perpendicular to the magnetic field? 
Electrospray ionization^ '^^ ^ is a method of transferring pre-existing ions from 
solution to the gas phase for mass spectrometric analysis. It is characterized by the 
generation of a series of multiply charged intact molecular ions from solution at 
atmospheric pressure. Multiple charging results in folding back of the observed 
5 
signals into a lower mass range at miz of roughly 500-2500, and permits the analysis 
of very large molecules on spectrometers with limited mass range such as quadrupole 
instrument. The use of electrospray ionization in FTICR exhibits numerous 
advantages over quadrupole instrument. The high mass resolving power of FTICR 
enables isotopic peaks of individual charge-state to be resolved. For a multiply 
charged ion, the number of isotope peaks in a single mass unit is related to the 
number of unit charges on the ion. For instance, an ion with 10 charges displays 10 
isotope peaks within a mass unit.^^ Once the charge state is assigned, the molecular 
mass can be calculated directly from the observed mass. This is particularly important 
for tandem mass spectrometry of multiply charged ions because of the absence of 
alternative method for calculation of the charge-state. In addition, FTICR allows 
multiple tandem mass spectrometry (MS") which might be important for structural 
elucidation. 
The major impact of electrospray ionization to date has been in the area of 
biochemistry because it has allowed observation of mass spectra of very large 
molecules such as proteins.^^ Application of electrospray ionization in the analysis of 
inorganic and organometallic compounds has recently become more important. Fenn 
and coworkers^® reported the ESI mass spectra of salts of tetraalkylammonium 
PSJR4]+ and phosphonium [PR4]+. This was the first example of inorganic species 
observed by ESI-MS. In 1990, Chait and co-workers^^ reported the positive-ion ESI 
spectra of [Ru(bipy)3]Cl2 and P^u(phen)3]Cl2 (bipy = bipyridyl, phen = 1 , 1 0 -
phenanthroline). This marked the beginning of the application of ESI-MS to 
transition metal coordination chemistry. Examination of neutral inorganic molecules 
6 
by ESI is also found feasible but the molecules are required to be firstly converted 
into their ionic derivatives through protonation, cationization, quaternization, 
yf*"5 
oxidation and chemical reaction. 
ESI exhibits significant advantages over the conventional LSEVlS (or FAB) 
for analysis of inorganic compounds because of the removal of complication from 
fragmentation, interference peaks originated from matrix and matrix-derived ions, 
and any unexpected matrix-analyte reactions occurred under LSIMS conditions. 
1.4. Outline of Present Work 
The objectives of this research work are related to the structural identification 
of (i) terpyridine-based polyether dendrimers and their corresponding iron(II) 
metallocomplexes; and (ii) lanthanide(III) porphyrin-phthalocyanine heteroleptic 
sandwich complexes using Fourier transform ion cyclotron resonance mass 
spectrometry. The polyether dendrimers and metallodendrimers were examined by 
LSDVlS and ESI methods. Results of these studies are presented in chapter three. 
Chapter four deals with the ESI studies of neutral lanthanide(III) porphyrin-
phthalocyanine heteroleptic sandwich complexes. Apart from the determination of the 
molecular masses, nozzle-skimmer fNS) dissociation and sustained off-resonance 
irradiation collision-induced dissociation (SORI-CED) methods were employed to 
induce additional fragments for structural elucidation. 
7 
CHAPTER 2 
mSTRUMENTATION AND EXPEFOMENTAL 
2.1. Instrumentation 
All the mass spectrometric measurements were carried out with an APEX 47e 
Fourier transform ion cyclotron resonance mass spectrometer (Bmker Instrument 
Billerica, US). Basically, the instrument consists of a vacuum assembly and a 4.7 
Tesla high field magnet. There is an external ion source, an electrostatic ion focusing 
system and an ICR analyzer cell inside the vacuum assembly. A photograph and a 
schematic diagram of the mass spectrometer are shown in Figure 2.1 and 2.2 
respectively. 
^ H p y ^ H 
• 






























































































































































































































































































































































































































The pressure of the vacuum assembly is normally pumped down from 
atmospheric pressure to l^CT Torr by a rotary pump (model: ElM18, Edwards, 
UK). High vacuum conditions are achieved with a cryopump system. Coolstar 
cryopumps 800, 400 and 800 (L/min) (Edwards, UK) are used to pump the ion 
source chamber, the ion focusing system and the ICR cell respectively. These 
cryopumps are controlled by a Cryodrive 3.0 (Edwards, UK). The cryodrive is 
cooled by a refrigerated recirculator (CFT-150, Neslab, U.S.)- A base pressure of 10' 
7 Torr and 10"^ ° Torr are normally maintained at the source region and the ICR cell 
respectively. Vacuum conditions are monitored by two cold cathode gauges (Balzers, 
Liechtenstein) located above the two cryopump 800's. The ion source chamber can 
be isolated from the cryopump 800 by a Vatterfly valve (DN160 Vatterfly Valve 
Series 20, VAT Vakuumventile AG, Haag); and from the rest of the vacuum 
assembly by a mini UHV-Schieber gate valve (DN50, VAT Vakuumventile AG, 
Haag). The ultra-high vacuum of the instrument and the cryopumps are protected in 
the event of vacuum failure in the source region by automatically closing these 
valves. Regeneration of cryopumps is normally required every two weeks or in cases 
when the performance of the cryopumps are reduced to unsatisfactory level. The 
performance of cryopumps can be monitored from the meter-gauges associated with 
the pump. After every system regeneration, the vacuum assembly is normally baked 
at 150 °C for 8 hours to establish high vacuum conditions. 
2.1.1. Ion Source 
The FTICR instrument is equipped with an extemal ion source which is 
capable of interfacing to different ionization techniques, such as electron impact pEI), 
10 
chemical ionization (CI), liquid secondary ion mass spectrometry (LSEVlS), 
electrospray ionization (ESI) and matrix-assisted laser desorption/ ionization 
OVL\LDI). EI, CI, LSEVIS and MALDI use the standard E L O combination source. 
Electrospray requires special transfer optics and therefore utilizes a separate ion 
source (for details, refer to section 2.1.1.2). 
2.1.1.1. Liquid Secondary Ion Mass Spectrometry 
LSB^S uses high-energy Cs+ ions to bombard a sample dissolved in a viscous 
matrix, typically glycerol. The liquid matrix plays an important role in reducing 
sample damage and prolonging the signal intensity by diffusion of fresh sample to the 
surface from the bulk,3 Interaction of the primary high-energy Cs+ ions with the 
sample-matrix droplet produces secondary ions. Apart from ions derived from the 
matrix molecules, intact sample molecular or quasimolecular ions corresponding to 
[M+H]+ [M-H]", [M+cation]+ and [M+matrix]+ are normally produced with abundant 
structural characteristic fragment ions. 38 ^^  
A 25 keV Cs+ ion gun (Phrasor Scientific, Duarte, CA) is used to produce 
intense flux of Cs+ ions. It is mounted in the external source housing orthogonal to 
the central axis of the mass spectrometer. An extractable direct insertion probe placed 
in line with the Cs+ ion gun is used for sample introduction. The sample stage is a 
stainless steel probe tip of 5 mm diameter. The tip-head is machined with an angle of 
30 to the probe axis. The Cs+ ions impinged upon the target at -60° to the sample 
surface. Standard EVC1 combination source is used to extract and focus ions 
generated from the bombardment of Cs+ beam onto the sample target. 
11 
Ion signal is optimized by varying: (1) ion optics of the Cs+ ion gun, i.e. the 
focus electrode, the x- and y-deflectors, (2) the direction of the tip face relative to the 
ion-optical axis of the instrument, (3) the extrusion length of the probe tip into the 
source block, and (4) ion optics of the FTICR. The direction of the tip face and the 
extrusion length of the probe tip are fixed in position once maximum signal is 
obtained. In order to lengthen the lifetime of the sample, the y-defIector of the SJMS 
gun is gated and pulsed so that Cs+ ion beam interacts only with the target during the 
acquisition period. 
2.1.1.2. Electrospray Ionization 
Electrospray ionization produces ions directly from analyte solution at 
atmospheric pressure. This technique favors species that can be charged in solution. 
The ESI source assembly composes of two major components, i.e. spray chamber 
and ion transfer optics. Figure 2.3 depicts a schematic diagram of the ESI source 
(Analytica, Bradford, CT). 
The spray chamber has four electrodes: (1) the spray needle (VN), (2) the 
cylinder ( V c y i ) , (3) the end cap (Vend), and (4) the capillary entrance (Vcap). 
Manipulation of potentials for these electrodes are important for the formation of 
stable spray. The needle assembly contains the liquid inlet connections and fixture to 
accommodate a three-layered ESI needle-probe. The inner layer of the needle-probe 
is the spray needle where analyte solution flows. Needle gas and auxiliary gas are 
introduced through the middle and the outer layers to stabilize and assist the spray. 
Typically, 1 to 2 mm of the inner spray needle is protruded from the tip of the gas 

























































































































































































































































































































































perforated to allow visual inspection of the spray at the needle tip. The end cap forms 
the nose piece for the drying gas typically dry N2. 
The glass capillary is coated at both ends with platinum (approximately 1" 
down). The capillary entrance and the capillary exit thus act as two separate 
electrodes which mark the end of the spray chamber (Vcap) and the beginning of the 
ion transfer optics (L1) respectively. Apart from the capillary exit, the electrospray 
ion transfer optics include a skimmer (L2), an Iris™ hexapole ion guide (L3) 
(Analytica, Bradford, CT) and a gate electrode (L6). The glass capillary serves as a 
conductance limit which allows a reduction of pressure from one atmosphere to low 
I *» 
vacuum of 10- -10" Torr. The region between the capillary and the skimmer is 
actively pumped with a rotary pump (Model : E2M28, Edwards, UK). The skimmer 
electrode serves as a second conductance which allows further reduction of pressure 
to 10-3-10.4 Torr in the region between the skimmer and the hexapole. This region is 
actively pumped by a 240 L/min turbomolecular pump (Edwards, UK) backed by a 
rotary pump (Model: E2M28, Edwards, UK). 
In the present electrospray source, the needle is grounded to protect the user 
from any possibilities of electrical shock. Vcyi, Vend and Vcap are held a few kilovolts 
positive or negative with respect to the grounded needle depending on the mode of 
operation, i.e. negative potentials for positive ion mode and vice versa. The resulting 
field leads to charge accumulation on the liquid surface at the needle tip and 
eventually disperses the liquid by Coulomb force into a fine spray of highly charged 
droplets. The solvent evaporates from the droplets as they move from the 
atmospheric pressure of the spray chamber into the vacuum. The desolvation is 
assisted with a counter-current flow of heated drying gas. The highly charged 
14 
droplets shrink in size until the charge repulsion overcomes the cohesive droplet 
forces, leading to a coulombic explosion into higher charged daughter droplets. The 
process continues until the droplet surface curvature is sufficiently high to permit 
field-assisted evaporation of charged solutes. This is the most widely accepted ion 
evaporation mechanism proposed by Iribame and Thomson44'45 The process is 
illustrated in Figure 2.4. 
L1 is normally held at a low potential of ~100 V (positive for positive-ion 
mode). The flow of ions across the seemingly up-hill potential is believed to be 
resulted from the gas flow due to the pressure difference between the spray chamber 
(atmospheric pressure) and the capillary-skimmer region (10] to 10'^  Torr). The rf-
only hexapole ion guide provides strong focusing conditions to guide ions across the 
relatively high pressure region. The gate electrode (L6) is pulsed between positive 
and negative potentials (L4 and L5). For positive-ion mode, a positive potential at the 
gate electrode acts as a trapping plate and traps the positive ions inside the hexapole 
ion guide. A subsequent negative potential withdraws all the ions into the 
electrostatic ion focusing system of the FTICR instrument. This arrangement allows 
accumulation of ions before directing them into the FTICR. The signal intensity in 
each acquisition is thus greatly enhanced. The amount of ions accumulated can be 
controlled by changing the ion quenching time. 
2.1.2. Electrostatic Ion Focusing System 
A series of electrostatic lenses are used to guide ions from the external source 
chamber into the ICR analyzer cell. Figure 2.5 shows the ion optics within the 










































































































































































































































































































































































































































































































































































































































































































































































DEPT are used typically in standard EI/CI combination source to push and extract 
ions from the source block into the electrostatic ion focusing system. PL1, PL2, PL3 
and PL4 are focusing lenses. DPL2 and DPL4 deflect ions along the y- and x-axis 
respectively. A deflection voltage of ~ 50 V is added to DPL2 and DPL4. The 
voltages are on during all times to deflect ions away from the ion-optical axis of the 
FTICR instrument except ion accumulation in the ICR cell. 
HVO is used to accelerate ions to several thousand electron volts energy. 
This results in an increase in ion transmission efficiency through the fringing magnetic 
field^®. XDFL and YDFL are again used to deflect ion beam in the x- and y-
directions. F0CL1, PL9 and FOCL2 are additional focusing lenses. EV1, EV2 and 
DEV2 help to decelerate ions before entering the ICR cell so as to achieve better 
trapping efficiency. 
2.1.3. ICR Analyzer Cell and Magnet 
The ICR analyzer cell is a cylindrical Infinity™ cell^ ^ (Bruker-spectrospin, 
Fallanden, Switzerland). Ion trapping along the z-axis is achieved by applying 
electrostatic potentials to the two trapping plates that are oriented orthogonal to the 
magnetic field.^ ®'^ ^ The polarity of the voltage applied determines whether positive or 
negative ions are retained in the cell, i.e. a positive potential for positive ions and vice 
versa. Ions in the analyzer cell are constrained to move in a circular orbit 
perpendicular to the magnetic field (B) at a cyclotron frequency (cOc) characteristic of 
their charge-to-mass ratio (m/z) 
G)c = zB/m (2.1) 
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Figure 2.6 illustrates the cyclotron motion of a positive ion within a cylindrical cell 
under the influence of a strong magnetic field (B). 
FTICR detection is accomplished by monitoring the image current induced by 
the orbiting ion packs as they cycle between the two receiver plates. Since the 
cyclotron motion of the initially trapped ions is of low amplitude and random phases, 
no net image current can be detected. An excitation radio-frequency (rf) pulse must 
be applied to the FTICR cell. Ions with a cyclotron frequency equal to the frequency 
of the applied field will fall in resonance and absorb energy from the applied electric 
field. The consequence is a coherent ion motion of increasing amplitude. The ion 
packs continue their motion at larger cyclotron radii after the excitation pulse ceases. 
The coherence motion of these ion packs then induces an image current at the same 
cyclotron frequencies on the receiver plates. The image current decays because of 
collisions of ions with residue gas molecules which dephase the ion motion. The 
decaying image current is known as free induction decay (FE)) which is analogous to 
the FED signal of nuclear magnetic resonance spectroscopy) The time-domain signal 
is then converted to the corresponding frequency spectrum by Fast Fourier 
Transform (FFT) algorithm, which in tum can be converted to the mass-to-charge 
scale using the relation between the cyclotron frequency and ion mass given in 
equation 2.1 (Figure 2.7)^''''''''^'. 
The Infinity™ cell is characterized by its segmented trapping plates which 
help to eliminate z-ejection and improve rf-excitation throughout the cell volume/^ 
The cylindrical design makes more efficient use of the available homogeneous field 
volume.20 The Infinity™ cell is placed within a vacuum chamber of lO] Torr which is 




























































































































































































































































































































superconducting magnet possesses the advantage that extremely stable magnetic field 
can be acquired with high field strength.^^ Resolution increases directly with field 
strength as shown by equation 2.2. 
R = qBx/2m (2.2) 
In this equation, R is the resolution, q is the number of unit electron charge, B is the 
magnetic field strength, and x is a signal decay constant^^. 
2.1.4. Data Acquisition and Handling System 
Most of the experimental parameters, data acquisition and manipulation can 
be performed through a user-interface program XMASS™ running on an SGI Indy 
(Silicon Graphics, Mountain View, CA) UNIX-based workstation. 
2.2. Experimental 
2.2.1. Liquid Secondary Ion Mass Spectrometry 
In all LSEVlS experiments, 3-nitrobenzyl alcohol QSnBA) was used as matrix. 
Typically, 5 [i\ ofNBA was normally placed onto the probe tip of the direct insertion 
probe. A small amount (< 0.1 mg) of dendrimer and metallodendrimer samples were 
dissolved in 10 U^ of dichloromethane. The solution was mixed with the NBA 
matrix on the probe tip. Volatile solvent was then removed by a gentle warm air 
blow. The sample was inserted into the external ion source via a vacuum lock. 
Secondary ions were produced by bombardment of the sample with a pulsed Cs+ 
beam (at 15 keV) generated from the SBVlS gun. 
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2.2.2. Electrospray Ionization 
About 0.1 mg of samples were dissolved in 1 ml of solvent. The solvent used 
for dendrimer experiments was 3% acetic acid in acetone solution. For 
metallodendrimers and lanthanide sandwich complexes, pure acetone and pure 
dichloromethane were used respectively. Analyte solutions were infused into the ESI 
source with a syringe pump at a flow rate of 1-3 nL/min. A nitrogen counter-current 
drying gas was heated to 200 °C and was introduced into the capillary region at a 
flow rate of 1-5 L/min. A sheath flow of nitrogen needle gas was introduced to 
stabilize and assist the spray. The electrospray needle position was adjusted to give a 
stable spray and a maximum ion signal. For positive-ion mode, Vcyi, Vend and Vcap 
were held at a negative potential. Typical potentials for positive-ion ESI experiments 
of the dendrimers and the lanthanide sandwich complexes were given in Table 2.1. 
Table 2.1. Typical potentials for positive-ion ESI of the polyether 
dendrimers and the lanthanide sandwich complexes. 
Potential (V) 
ESI Dendrimers and Sandwich 
Parameters Metallodendrimers Complexes 
Vcyi - 3 3 0 0 - 4 8 0 0 
Vend - 3 5 0 0 - 4 2 0 0 
Vcap - (4000 - 5500) - 3600 
L1 + (80 - 3 00) + 100" or +400^ 
L2 (- 6) - 2 + (2 - 5) 
L3 + (20 - 50) + (40 - 50) 
L4 +(10-15) + ( 1 0 - 2 0 ) 
L5 - ( 5 - 1 0 ) - (5 - 10) 
^Normal or SORI-CED conditions, ^ S dissociation conditions. 
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In both LSIMS and ESI experiments, positive ions formed were extracted 
from the source chamber and accelerated to 2.5 kV. They were then decelerated back 
to <1 V before entering the Infinity™ cell for excitation and detection. Trapping 
potentials of 1 V were used in all experiments. The potentials of the ion optics of the 
FTICR were tuned to maximize the signal of the molecular ions. 
2.2.3. Nozzle-Skimmer Dissociation 
By varying the capillary exit potential (L1 in Figure 2.4) in the ESI source, 
ionization conditions can be chosen to provide only quasimolecular ion or to induce 
some degree of fragmentation through collisions with residue gas molecules, i.e. 
nozzle-skimmer (NS) dissociation.^ '^^ ® Raising L1 increases the translational energy 
of the molecule-ions. Energetic collisions with residue gas molecules will then 
increase the internal energy uptake and results in the subsequent dissociation of the 
molecule-ions in the source region between the capillary and the skimmer. A L1 of 
400 V was used in NS dissociation experiments of the sandwich complexes. The 
molecule-ions together with the resulting fragments were transmitted into the 
Infinity™ cell to be excited and detected. 
2.2.4. Sustained Off-Resonance Irradiation Collision-Induced Dissociation 
FTICR possesses tandem mass spectrometry (MSMS) capability. Ions of 
interest can be isolated and probed further for structural information by, for example, 
collision-induced dissociation (CED) in which the selected ions are activated to cause 
dissociation by collision with inert target molecules such as argon or xenon.^ '^^ ^ 
FTICR differs fundamentally from other tandem instruments in that these events 
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occur in a single component - ICR analyzer cell rather than in spatially distinct mass 
analyzers and dissociation cells. This temporal rather than spatial separation of ion 
dissociation events permits multiple stages of ion dissociation to be performed 
without increasing the cost and the complexity of the instrument. ^ ^ 
Under sustained off-resonance irradiation (SORI) CDD experiments of the 
sandwich complexes, once ions were trapped in the Infinity™ cell, ions of interest 
were first isolated by ejecting other unwanted ions with a chirp. Collision gas (CO2) 
was then pulsed in. The analyzer pressure increased from 10"^  Torr to 10"^  Torr. After 
a pumping delay of 0.5 s delay, the molecule-ions were activated using a 2.4 ms, 105 
Vpeak-to-peak clectric field pulse with a frequency offset of 1 kHz lower than the 
corresponding ion cyclotron frequency of the selected ions to induce dissociation. 
Ions subjected to off-resonance irradiation undergo acceleration-deceleration cycles 
throughout the duration of the electric field pulse, i.e. a forced oscillation in ICR 
radius (Figure 2.8a) rather than a continuous increase in ICR orbital radius produced 
by resonant excitation (Figure 2.8b).^ '^^ '^^ ^ High mass ions can then be irradiated for 
long period of time and undergo many collisions without being ejected from the cell. 
A better collision efficiency can be achieved. A delay time of 2 s was used after the 
activation to allow metastable fragmentation of the activated ions. The molecule-ions 
together with the resulting fragment ions were then excited and detected. The pulse 
sequence and typical experimental parameters for SORI-CE) experiments of the 
sandwich complexes are shown in Figure 2.9. 
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03) 
Figure 2.8. Effects of (a) on-resonance and (b) off-resonance excitation. 
*pl Quench 
*p2 Ion accumulation 
p4 and p5 ion selection 
p6 Collision gas 
p7 ij^Ln Ion activation 
*p3 H d2 •• Ion excitation 
dl: Pumping delay; d2: Collision delay 
Figure 2.9. Pulse sequence for SORI-CH) experiments of the 
europium complexes. Typical experimental parameters: 
pl: 25 ms; p2: 10 ms; p3: 30 i^s; p4: 30 i^s; p5: 50 i^s; 
p6: 1.2 ms; p7: 90-120 ps; dl: 0.05s; d2: 2s. Normal 
ESI and NS dissociation only involve events marked 
with an asterisk. 
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2.2.5. Data Acquisition and Processing 
All mass spectra were acquired in broadband mode (unless otherwise stated) 
with a time-domain signals of 128K data points and were averaged from several 
scans to improve signal-to-noise ratio (S/N). They were apodized with a Gaussian 
function and zero-filled once prior to Fourier transformation. 
2.2.6. Mass Calibration 
In LSIMS experiments, cluster peaks of glycerol was used to calibrate the 
instrument. For normal ESI and NS dissociation experiments, bovine insulin in a 
49:49:2 (%volume) water:methanol:acetic acid solution (ca. 0.1 mg/ml) was used. 
For SORI-CK) experiments, a-cyclodextrin was used. The protonated molecular ions 
at nVz 973 were selected and subjected to SORI-CED. The instrument was externally 
calibrated with the fragment peaks of a-cyclodextrin. Special attention had been 
made to maintain the same trapping conditions for subsequent analysis. 
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CHAPTER 3 
STRUCTURAL CHARACTERIZATION OF TERPYRTOINE-BASED 
POLYETHER DENDREVIERS AND THEm BRON(H) 
METALLOCOMPLEXES BY LIQUD) SECONDARY ION MASS 
SPECTROMETRY AND ELETROSPRAY IONIZATION MASS 
SPECTROMETRY 
3.1. Introduction 
Dendrimers are three dimensional, hyperbranched fractal like structured 
oligomers or polymers formed by reiteration reaction sequences emanating from a 
central core. They differ from the classical randomly coiled linear polymers in that 
they are symmetrical and mono-disperse molecules with well-defined shape and size, 
independent of the solvent”.:" 
Dendrimers have been found to have potential applications as materials for 
engineering plastics,^ ®"^ ^ liquid crystals^^ and mimics of biological systems, e.g. 
micelles.6i'62 in the recent development, there is a growing interest in the use of 
metals or inorganic elements as building blocks in the construction of dendrimers, i.e. 
metaUodendrimers.63-66 Although the use of these metallodendrimers has not been 
fully recognized, the presence of metal centers in the dendrimers has led to some 
interesting photophysical and electrochemical properties.^ ^"^^ 
Common techniques used to characterize synthetic dendrimers such as 
elemental analysis, ^H and ^¾ nuclear magnetic resonance fNMR) spectroscopy, gel 
permeation chromatography (GPC) and low-angle laser light scattering (LALLS)^^ 
are not capable of distinguishing small degrees of structural defect. Mass 
spectrometric methods enable accurate measurement of their elemental composition. 
Several studies on dendrimer studies using fast atom bombardment (FAB) and liquid 
secondary ion mass spectrometry (LSEVIS) have been reported.""^^ Unfortunately, 
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these ionization techniques are only applicable to the relatively low mass molecules. 
Molecular weight determination of the larger dendrimers (MW>4,000 Da) has not 
been successful using these techniques.^ '^^ ^ In recent years, matrix-assisted laser 
desorptiony^ ionization (MALDI) has been employed to study a variety of dendrimers 
based on phenylacetylene/^ phenylester^^ and polyether^^ dendrimer moieties. 
Promising results have been obtained. Walker et. aV^ has reported a MALD-CI-
FTICR spectrum of hydrocarbon dendrimers ofMW-15,000 Da. MALDI, however, 
shows a deficiency in the study of metallodendrimers. The performance deteriorates 
with increasing molecular mass and attempts to observe molecular ions for the high 
mass metallodendrimers (MW >10,000 Da) were unsuccessful.^^'^^ Kallos et. aC^ 
has demonstrated that electrospray ionization (ESI) can also be a useful technique for 
dendrimer analysis. A mass spectrum of a polyamidoamine starburst polymer with 
molecular weight up to 10,000 Da has been successfully recorded using ESI. The 
feasibility of ESI analysis in synthetic polymer area has also been investigated in a 
number of reports7^"^^ 
The work presented in this chapter is to characterize a series of lower mass 
(MW<3,500 Da) terpyridine-based polyether dendrimers and their corresponding 
iron(II) complexes by LSMS. The potential of ESI in molecular weight 
determination ofhigher mass dendrimers and metallodendrimers (MW>3,500 Da) has 
also been examined. 
3.2. Sample Preparation 
Samples of dendrimers and metallodendrimers were prepared by Dr. H. -F. 
Chow (Department of Chemistry, CUHK) as described in the literatures/^"^® The 
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dendrimers (Gn) studied consists of four basic components: a substituted 2:2',6':2"-
terpyridine core, a three carbon alkyl linking unit, a phloroglucinol branching juncture 
and a 4-/^r/-butylphenoxy surface group (Figure 3.1). Gn refers to the generation 
number of the dendrimer. The primitive, non-dendritic stage is denoted as G the 
zeroth dendritic generation as GO, and so on. The metallodendrimers are bis(Gn) 
iron(II) complexes, i.e. [Fe(Gn)2][PF6]2. The molecular structures of the dendrimers 
are shown in Figure 3.2. [Fe(GO)2][PF6]2 as an example of the metallodendrimers, is 
shown in Figure 3.3. 
3.3. Results and Discussion 
Analysis of dendrimers and metallodendrimers by LSB/[S has yielded useful 
information up to the second and the first generations respectively. No signal was 
found for higher generations. Higher mass dendrimer G3 and metallodendrimers, 
[Fe(G2)2][PF6]2 and [Fe(G3)2][PF6]2, were then further studied using ESI. 
3.3.1. Liquid Secondary Ion Mass Spectrometry Studies 
3.3.1.1. Dendrimers 
Under LSDvlS conditions, ions formed from dendrimers were all protonated. 
Figure 3.4 shows a positive-ion LSB/IS mass spectrum of G. An intense signal of 
[G+H]+ was observed. All generations showed a similar fragmentation pattem and 
the fragmentation behavior was well correlated to their structures. Scheme 3.1 
proposes the fragmentation pathways for the dendrimers. Cleavage largely occurs at 
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formed from simultaneous cleavage of two or more dendritic branches were not 
observed. 
Apart from the protonated molecular peaks, [Gn+91]+ was a common ion 
found in mass spectra of all dendrimers (Gn = G0,G1 and G2). These ions are 
tentatively attributed to the by-products of the synthesis. Figure 3.5 displays part of 
the synthetic route of the dendrimers.^^ Gn-OBn 1 undergoes catalytic 
hydrogenation to Gn-OH 2 which was then coupled with the core 3 to give the 
dendrimer 4. However, isomerization of the mono-benzylated compound Gn-OBn to 
a C-Bn compound 5 is also believed to occur. This by-product was found to have 
similar retention affinity (Rf value) to the desired immediate (Gn-OH). Complete 
separation of these two compounds by column chromatography was not successful.^® 
Coupling of 5 with the core then gave compound 6 which had a mass difference of 90 
from the desired product. Protonation of 6 under LSEMS gave the molecular peak 
[Gn+91]+. This explanation is further supported by the findings that peak 
corresponding to [G+91]+ was absent in the mass spectra of G. G is a non-dendritic 
terpyridine ligand and does not have the phloroglucinol branching juncture (Figure 
3.1) where substitution of a hydrogen with a benzyl group is likely to take place. The 
mass spectral results of the dendrimers are summarized in Table 3.1. 
In addition to the singly protonated species, multiply charged ions 
[Gn+H](n+i)+, where n equals to 1 to 4’ were detected. Figure 3.6 presents the partial 
LSEVlS mass spectra of G showing the expanded region ofions [G+H]+ [G+Hf + and 
[G+Hf+. The number of charges carried by the ions are identified from the mass 
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corresponds to a M ion. In addition, relative intensities in the isotopic pattem 
agrees with the assignment. 
To verify the origin of this multiple charging, Gl-OH and Gl-OBn were 
further studied under the same LSIMS conditions. They are compounds that do not 
consist of the terpyridine moiety but with the same dendritic branches. No multiply 
charged species was, however found in the spectra of Gl-OH and Gl-OBn. 
(n+l)+ 
Formation of [Gn+H] ions is therefore tentatively suggested to be the result of 
subsequent loss of 1 to 4 electrons from the terpyridine moieties of the protonated 
species. The relative abundance of [Gn+H]^ ion was about 10% of the parent ion 
[Gn+H]+ and [Gn+Hf + ion was 20% of[Gn+Hf+ ions. [Gn+Hf+ and [Gn+Hf + ion 
were only observable in spectra of G and GO. So were [Gn+H^+ and [Gn+Hf+ 
according to Table 3.1. Their abundance was extremely weak, i.e. less than 1% of the 
parent ion. This reflects the relative stability of the multiply charged ions. For these 
terpyridine-based polyether dendrimers, loss of an even number of electrons seems to 
be more favorable but the chemistry behind is still not well-understood. 
3.3.1.2. Metallodendrimers 
Figure 3.7 shows the positive-ion LSEMS mass spectrum of [Fe(G)2][PF6]2. 
Loss of a counterion PFe' from the metallocomplex [Fe°(Gn)2][PF6]2 produces cation 
[Fe°(Gn)2(PF6)]+. Subsequent removal of the second anion PFe' produces the doubly 
charged ion [Fe"(Gn)2f+. 
In all iron(II) complexes studied, intense singly charged molecular ion peaks 
corresponding to [Fe(Gn)2]^ were recorded. The occurrence of this [Fe(Gn)2]+ ion is 

















































































































center is tentatively accompanied with the simultaneous oxidation of the matrix 
molecule 3-nitrobenzyl alcohol CNBA)^ '^^ '^. From the cyclic voltammetry results ofthe 
metallodendrimers and NBA (Table 3.2), redox reaction between NBA and 
:Fe°(G)2]+ is predicted to be thermodynamically unfavorable as shown in equation 
3.1. 
[Fe°(G)2]'' + P^A]red ^ = ^ [Fe^(G)2]' + n^A]ox AE = -0.12V (3.1) 
Nevertheless, under the extreme conditions ofLSLVlS and in the excess ofNBA, the 
equilibrium position could be shifted to produce iron(I) complex. Moreover, it has 
been reported that transition metal complexes can act as an electrochemical oxidative 
catalyst for benzyl alcohol.^^ 
Table 3.2. Redox potentials (V v5 SCE) of[Fe(G)2][PF6]2, [Fe(GO)2][PF6]2, 
[Fe(Gl)2][PF6]2 and NBA.8o 
Oxidation Potential (V) Reduction Potential (V) 
n ~ » m n ~ > i i — o 
[Fe(G)2][PF6]2 1.03 -1.27 -1.38 
[Fe(GO)2][PF6]2 1.02 -1.29 -1.48 
[Fe(Gl)2][PF6]2 l_^ J _ ^ -1.47 
NBAred — NBAox 
NBA 1.15 -
43 
In the LSEVlS mass spectrum of the non-dendritic iron(II) complex Fe(G)2 a 
relatively weak signal corresponding to the triply charged ion, suggested to be 
[Fem(G)2]3+, was observed. A plausible explanation for the presence of this iron(III) 
complex is disproportionation of the unstable iron(I) complex into iron(Q) and 
iron(III) species.84 According to equations 3.2 and 3.3, it is clearly seen that [Fe!(G)2 
is thermodynamically favorable to disproportionate into [Fe°^(G)2]^^ (NB: not to 
[Fe°(G)2]2+). Moreover, NBA affords oxidation process only. [Fe"^(G)2f + is therefore 
not likely to be originated from redox reaction between NBA and [Fe°(G)2]2+ as the 
case 0f[Fei(G)2r. 
2 [Fei(G)2]+ = ^ = ^ [Fe0(G)2]0 + [Fe"(G)2]2+ A E = - 0 . 0 7 V ( 3 . 2 ) 
3 [ F e i ( G ) 2 ] + = ^ 2 [ F e (G)2]o + [Fem(G02]3+ A E = 1 . 0 2 V ( 3 . 3 ) 
The absence of iron(III) ions in the mass spectra of GO and G1 complexes is 
tentatively attributed to the extremely low efficiency of the disproportionation 
reaction. 
Multiply charged ions corresponding to [Fe(Gn)2]6+ and [Fe(Gn)2]10+ were 
identified (Figure 3.8). This is in good agreement with the previous findings of 
[Gn+H]3+ and [Gn+H]^+ ions whose formation involves removal of 2 and 4 electrons 
respectively from the dendrimers. The non-existence of [Fe(Gn)2]^^ and [Fe(Gn)2]^^ 
ions further supports the notion that simultaneous loss of an even number of 
electrons from the terpyridine core of each ligand in the metallocomplexes is 
particularly favorable. 
Apart from the formation of various charged states, all metallodendrimers 
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Scheme 3.2. Proposed fragmentation pathways for the metallodendrimers 
[Fe(Gn)2][PF*6]2 under LSDVlS conditions. Ions given in bold show further 
decomposition. 
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:Fe°(Gn)2(PF6)r with concomitant loss of neutral PF5 and retention of F' produces 
[Fe°(Gn)2(F)]+ which in tum loses a ligand to give [Fe°(Gn)F]^.^^ Removal of a HF 
molecule from [Fe"(Gn)F]^ leads to the deprotonated species [Fe"(Gn-H)]^. 
Attachment of a matrix molecule by this ion forms the adduct species [Fe°(Gn-
H)+NBA]+, a common phenomenon found under LSEMS. Cleavage of the 
metallodendrimers into their corresponding free ligands produces the protonated 
species [Gn+H]+. Similar to the dendrimers, peaks corresponding to [Fe(Gn)-
H+Bn]+ and [Fe(Gn)-H+Bn]2+ were identified in mass spectra of [ F e ( G O ) 2 ] [ P F 6 ] 2 and 
T e ( G l ) 2 ] [ P F 6 ] 2 but not [Fe (G )2 ] [PF6]2 . This further confirms that isomerization of 
the monobenzylated compound Gn-OBn to C-Bn do take place at the 
phloroglucinol branching juncture. Table 3.3 and 3.4 summarize the characteristic 
fragments of the metallodendrimers. 
3.3.2. Electrospray Ionization Mass Spectrometry Studies 
Strong signals corresponding to the intact molecular ions were obtained. G3 
was protonated to give singly charged [G3+H]+ and doubly charged [G3+2H]+ ions; 
whereas the two metallodendrimers lose their counterions to give doubly charged 
species [Fe°(Gn)2]2+ (Gn = 2 or 3). Only [Fe(G3)2][PF6]2 showed significant ions 
presumably derived from dissociation of the molecular ions. Figure 3.9 depicts the 
positive-ion ESI mass spectra ofG3, [Fe(G2)2][PF6]2 and [Fe(G3)2][PF6]2 and the 
measured molecular masses are tabulated in Table 3.5. 
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Table 3.3. Structural assignments for ion species in the LSIMS mass spectra of 
. [Fe (G )2 ] [PF6]2 , [Fe(GO )2] [PF6]2 a n d [ F e ( G l ) 2 ] [ P F 6 ] 2 ^ 
Complex 
Ions [Fe(G)2lfPF6l2 fFe(G0)2l PF6 z [FeCGDzlfPFdz 
[Fe"(Gn)2(PF6)r 1231.58 (0.17) 1943.98 (0.18) _ 
{1.8} {3.5} 
P^e"(Gn)2-H+Bn]^ — 1888.95 (0.06) 3314.12(0.43) 
{8.3} {3.4} 
P^e"(Gn)2F]^ 1105.57 (0.12) 1817.97 (0.13) 3243.53 (0.89) 
{3.4} {5.7} {2.8} 
[Fe!(Gn)2]+ 1086.53 ( 0 . 0 8 ) 1798.94 (0.09) 3224.11 (0.47) 
{15.0} {54.7} {12.3} 
P=*e"(Gn-H>HNBA]^ 723.29 (0.06) 1079.46 (0.04) 1791.97 (0.51) 
{6.5} {28.8} {22.2} 
[Fe"GnF]" 590.23 (0.04) 946.42 (0.03) 1658.86 (0.08) 
{64.6} {89.6} {100.0} 
[Fe"(Gn-H)]+ 570.22 (0.04) 926.40 (0.02) 1638.87 (0.09) 
{10.7} {73.3} {42.8} 
[Fe"(Gn)2]2+ 543.25 (0.03) 899.44 (0.02) 1611.92 (0.10) 
{67.2} {85.5} {27.1} 
[Gn+H + 516.29 (0.03) 872.49 (0.03) 1584.98 (0.12) 
{1.9} {13.0} {32.9} 
[Fe"i(L)r — _ 
PFe"(Gn)2]6+ 181.13 (0.06) 299.96 (0.15) 
{6.5} {3.2} * 
P^ e"(Gn)2]^ ^ 108.68 (0.02) — 
{1.0} * 
“Monoisotopic mass (m/z) basing on ^^Fe, ( )Error in Daltons, { )Relative intensity in %, - Not observable, 
•Observable but unresolvable due to overlapping with adjacent peaks. Ions given in bold show further 
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Figure 3.9. Positive-ion ESI mass spectra of (a) G3, (b) pFe(G2)2]pPF6]2 and 
(c) [Fe (G3)2]_2 . 
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Table 3.5. Molecular mass information of G3, [Fe(G2)2][PF6]2 and [Fe(G3)2][PF6] 
obtained under ESI conditions. 
Ions Calculated Mass' Measured Mass' Error^ 
[G3+H]^ 5863.26 5863.34 +0.08 
[ G 3 + 2 H [ ] 2 + 2932.13 2932.23 +0.10 
[Fe°(G2)2]2+ 3038.62 3038.58 - 0.04 
PFe°(G3)2f+ 5890.56 b 5891.02^ +0.46 
a Mass corresponding to the most abundant isotopic peak; ^ Average mass; ^ Error in 
Daltons. 
The absence of a high order of multiply charged ions, a typical feature found 
in ESI spectra of compounds with polyfunctional groups^ indicates that multiple 
charging is unfavorable for these polyether-based dendrimers. In the ESI mass 
spectrum of G3 (Figure 3 .9a), protonation at the terpyridine core contributes the 
singly charged ions. Formation of higher charged ions requires further protonation at 
the alkoxy oxygen situated in the interior part of the molecules. The steric effect 
between the dendritic branches might, however hinder the protonation process. Thus, 
multiple protonation is relatively difficult. Only doubly protonated molecular ions 
were therefore observed. Peaks appeared at m/z [G3+91]+ and [Fe(Gn)2+45]2+ 
correspond to the synthetic by-products. These are consistent with the results 
obtained from LSDVlS. 
Due to problems associated with trapping and detecting high miz ions, high 
mlz performance in FTMS is still limited. In our experiments, ions with miz up to 
6000 have been detected ([G3+H]+, m/z 5863.24; [Fe(G3)2f+, m/z 5891.02). The 
results have demonstrated the capability ofFTMS in measuring high mIz ions. 
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3.4. CONCLUSION 
LSD^S mass spectra of terpyridine-based polyether dendrimers and their 
iron(II) complexes showed fragmentation patterns well-correlated to their structures. 
Terpyridine moieties of the dendrimers showed a tendency to lose multiple electrons 
which led to the formation of multiply charged ions [Gn+H]("+” (where n = 1-4) in 
dendrimers, [Fe"(Gn)2]6+ and [Fe"(Gn)2]io+ ions in metallocomplexes. The 
comparatively more intense [Gn+H”+ and [Gn+Hf+ ions and the observation of 
[Fe°(Gn)2]6+ and [Fe°(Gn)2]io+ ions support the notion that loss of even number of 
electrons from the terpyridine moiety is more favorable. Under LSEVIS conditions, 
iron(II) metal center is believed to undergo redox reaction leading to the formation of 
both iron(I) and iron(III) complexes. The limitation of LSB4S in measuring higher 
mass molecules was circumvented by applying ESI. The softness of ESI allowed 
measurement of the high molecular weight dendrimers and metallodendrimers with 
little fragmentation. The observation of ions at m/z -6000 under ESI also realizes the 
capability ofFTMS in trapping and detecting high m/z ions. 
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CHAPTER 4 
STUDBES OF LANTHAND)E(m) PORPHYREV-PHTHALOCYANEVE 
HETEROLEPTIC SANDWICH COMPLEXES USEVG ELECTROSPRAY 
IONKATION 
4.1. Introduction 
Sandwich-type complexes of porphyrins and phthalocyanines have aroused 
increasing interest during recent years. These complexes have potential applications 
as prototype materials for visual d isplays^’ semiconductors^^'^^ and gas sensors in 
pollution control.9o The strong K-n interaction between the macrocycles also enables 
these complexes to serve as models in studying the structure and spectroscopic 
properties of the ‘special pair’ in the reaction center of photosynthetic bacteria.^ ^"^^ 
While the homoleptic complexes have been extensively investigated, examples 
of the heteroleptic analogs having mixed porphyrinato and phthalocyaninato ligands 
are rare^^. For the neutral double-decker complexes of tervalent lanthanides 
Ln(Pc)(Por) (Pc = phthalocyaninate; Por = general porphyrinate), there exists a 
charge imbalance between the metal centers and the dianionic ligands. Structural and 
spectroscopic studies have shown that these complexes are in a non-protonated, one-
electron oxidized ligand form, Ln°^(Pc ')Por^'), in which the hole preferentially resides 
on the Pc macrocycle.^ '^^ ^ The only exception is the La complex LaH(Pc)(TPP), 
which contains a protonated macrocycle.^^ These sandwich compounds undergo up 
to four reversible one-electron transfers as revealed by cyclic voltammetry. The first 
oxidation and reduction processes both involve the macrocyclic ligands while the 
metal center keeps its oxidization state as III which is the most characteristic 
98 
oxidation state of the lanthanides . For the analogous triple-decker complexes 
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Lri2(Pc)x(Por)3-x (x = 1 2), the two Ln°^  ions are sandwiched between the Pc^" and 
Por^" ligands resulting in neutral complexes,^ '^^ '^^ '^^ ®^ oxidation of these metal 
102 
sandwiches in which the metal cannot be oxidized (e.g., Gd, Eu) is associated with 
the macrocycles. For the Ce(III) derivatives, the metal centers may also be involved 
in the redox processes, 
Structural characterization of these complexes by NMR and X-ray 
crystallography can provide insight into the symmetry of the molecules and the 
geometrical arrangement of atoms within the complexes.96-98'io3,io4 These techniques, 
however, have poor sensitivity and require sample size of milligrams. Since molecular 
weight measurement using mass spectrometric methods is often complicated by high 
molecular weight, involatility and thermal liability, the use of mass spectrometry to 
characterize these coordination complexes has been limited to simple metallo-
porphyrins and -phthalocyanines. ^ °^ '^  ^ ° 
In this chapter, we are interested in studying a series of neutral heteroleptic 
lanthanide(III) porphyrin-phthalocyanine complexes using electrospray ionization-
Fourier transform ion cyclotron resonance mass spectrometry (ESI-FTICR). Nozzle-
skimmer (NS) dissociation and tandem mass spectrometry (MS/MS) studies have 
been carried out so as to provide further information on the structural arrangement of 
the porphyrin and phthalocyanine rings within the complexes.m 
4.2. Results and Discussion 
The heteroleptic lanthanide(III) porphyrin-phthalocyanine complexes 





















































































































































































































































































Ln°^(TPP)(Pc), Ln^(TPP)(Pc)2and Ln^(TPP)2(Pc) where Ln = Sm, Eu or Gd; TPP 
=5, 10’ 15, 20-tetraphenylporphyrinate and Pc = phthalocyaninate. 
4.2.1. Molecular Weight Determination 
Figure 4.2 displays the positive-ion ESI mass spectra of the heteroleptic 
double-decker complexes of Sm, Eu and Gd. Strong signals corresponding to the 
singly charged molecular ions were observed. The molecular masses are summarized 
in Table 4.1. Comparing the observed isotopic distribution of [Eu(TPP)(Pc)]+ with 
the simulated spectra based on the diradical ion M:+ and the protonated radical ion 
[M+H] + (Figure 4.3), it is clear that both types of molecular ions were present. The 
data is consistent with contributions from M:+ and [M+H].+ and possibly other 
protonated and/or deprotonated species. 
The mechanism of ion formation in ESI has previously been postulated by 
Kebarle et al.m using an electrophoretic model (Figure 4.4). Due to the imposed 
electric fields, a partial separation of the positive ions from the negative ions present 
in the solution at the needle tip is resulted. These excess charges destabilize the 
surface and lead to emission of positively charged droplets. For the electrophoretic 
charge separation mechanism to be operational, charge balance requires that an 
oxidation reaction, ultimately resulting in electron flow to ground, must occur at the 
metal/solution interface within the ES needle to balance the positive charges leaving 
the needle in the spray. Under appropriate conditions, e.g., low redox potential of the 
analyte, a major oxidation product can be the molecular radical cation of the 
analyte.i i3-ii5 
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Figure 4.2. Positive-ion ESI mass spectra of the heteroleptic double-decker 
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Figure 4.3. A comparison of the observed isotopic distribution of (a) 
[Eu2(TPP)(Pc)2]+ and the simulated spectra based on (b) 



























































































































































Dupont et a / ." have shown that compounds having a redox potential 
between -0.8 V and +1.0 V vs SCE in pure dichloromethane could be analyzable by 
ESI-MS without any previous electrolysis to their ionized forms. These molecules 
were believed to be ionized to their molecular radical cations by on-line 
electrochemical oxidation at the ES source in which the source behaves like an 
electrolysis cell.u3'u4,"6 jj^^ redox potentials corresponding to a one-electron 
oxidation of Eu(TPP)(Pc) and Gd(TPP)(Pc) have been previously reported by 
Chebach et al^ as 0.535 V and 0.555 V vs SCE respectively. Since the potentials 
for these sandwich complexes are well within the limit^ for on-line electrochemical 
oxidation at the ES source, ion formation of these complexes, in the present study, is 
therefore tentatively attributed to the electrochemical oxidation at the metaL^solution 
interface in the ES needle. The double-decker complexes are postulated to exist in 
both the non-protonated one-electron oxidized ligand form (TPP^')Ln^^(Pc ") and/or 
(TPP-)Ln3+(Pc2-), and the protonated form (TPP^-)Ln^^(HO(Pc^') They loses an 
electron to give the diradical cations [(TPP')Ln^^(Pc')]^, and the protonated 
monoradical cations [(TPP -^)Ln^"(H")(PcO]" and/or [(TPP-)Ln^"(H")(Pc^")]" This 
accounts for the distorted isotopic distribution of the observed singly charged 
molecular ions. 
In addition to the singly charged species, multiply charged molecular ions 
were also observed, as shown in Figure 4.5. They are tentatively assigned to be 
formed from successive oxidation of the l i g a n d ( s ) . " 7 
Positive-ion ESI mass spectra of the heteroleptic triple-decker complexes, 
Eu2(TPP)(Pc)2 and Eu2(TPP)2(Pc), were acquired. Figure 4.6a is a typical spectrum 
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Figure 4.6. Positive-ion ESI mass spectra ofEu2(TPP)(Pc)2 under different 
conditions: (a) Normal ESI (Ll=lOOV), 0?) NS dissociation 
(Ll=400V), (c) After isolation ofpU2(TPP)(Pc)J+(Ll=100V), 





species. The molecular masses are summarized in Table 4.1. Figure 4.7 compares the 
i 
observed isotopic distribution of [Eu2(TPP)(Pc)2]+ and the simulated spectrum of the 
radical monocation (M+). The isotopic patterns are in good agreement with each 
other. This implies the neutral heteroleptic triple-decker complexes exist only in one 
form as (Eu^^)2(TPP^-)(Pc '^)2 and (Eu^^)2(TPP^")2(Pc^"). One-electron oxidation ofthe 
neutral complexes leads solely to the singly charged radical monocations. The failure 
to observe the protonated species also implies that ionization via protonation does 
not occur to any significant degree. This argument is expected to be also applied to 
the double-decker complexes as they possess similar structures. Observation of the 
protonated monoradical cations of the double-decker complexes is then suggested to 
be the result of one-electron oxidation of the protonated neutral species rather than 
due to protonation of the radical neutral species. This is consistent with our previous 
explanation. Similar to the double-decker complexes, multiply charged ions arising 
from successive oxidation of the ligand(s) of the triple-decker complexes could also 
be observed (Figure 4.8). 
4.2.2. Structural Elucidation 
For the triple-decker complexes in Figure 4.1 there are two possible 
configurations, i.e., symmetric or asymmetric. In an attempt to determine the exact 
configurations of the triple-decker heteroleptic sandwich complexes, both non-mass-
selective NS dissociation and mass-selected SORI-CDD experiments were performed 
on the europium complexes. 
Figure 4.6b and 4.6d show the mass spectra ofEu2(TPP)(Pc)2 obtained under 
NS dissociation and SORI-CHD conditions respectively. The spectral information is 
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summarized in Table 4.2. In the NS dissociation mass spectrum, the singly charged 
molecular ions remained predominant. This is consistent with the high stability of this 
heteroleptic complex. Fragment signals corresponding to the break down of the 
triple-decker structure could be clearly identified. Characteristic fragment ions such 
as [(TPP)Eu(Pc)]n+ and [(Pc)Eu(Pc)]"^ (where n = 1 3 or 5) were observed. These 
give support to the proposed asymmetric configuration for Eu2(TPP)(Pc)2. 
Nevertheless, because of the non-mass-selective nature of NS dissociation and the 
fact that some of these characteristic ions were already observed even under non-CK) 
conditions, it is difficult to confirm whether these ions originated from dissociation of 
the molecular ions or pre-existed in solution. 
To verify the results, mass-selected SORI-CID experiments were performed. 
Special attention was paid to ensure good isolation of the molecular ion 
[Eu2(TPP)(Pc)2]+ prior to CID experiments. Figure 4.6a and 4.6c are mass spectra 
obtained before and after isolation of [Eu2(TPP)(Pc)2]+. Apart from the target ion, 
the spectrum is pretty clean. The isolated ions were then subjected to SORI-CED 
which resulted in substantial fragmentation as shown in Figure 4.6d. In this case, all 
the ions observed can be attributed to fragmentation of the parent molecular ion. Of 
particular interest is the formation of [(TPP)Eu(Pc)]+ and [(Pc)Eu(Pc)]+ ions. Thus, 
this triple-decker complex is structurally assigned to be asymmetric, i.e., 
(TPP)Eu(Pc)Eu(Pc). 
Figure 4.9a and 4.9b show the mass spectra ofEu2(TPP)2(pc) obtained under 
NS dissociation and SORI-CH) conditions respectively. The spectral information is 
summarized in Table 4.3. Suppose Eu2(TPP)2(Pc) also takes an asymmetric 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































[(TPP)Eu(Pc)]n+ and [(TPP)Eu(TPP)]"' (where n is an integer) are expected. 
However, it was found that only [(TPP)Eu(Pc)]+ ion was observed. There exists no 
signal corresponding to [(TPP)Eu(TPP)]"^ ion under either NS dissociation or SORI-
CED conditions. This triple decker complex is therefore believed to adopt a 
symmetric configuration (TPP)Eu(Pc)Eu(TPP). The assignment has been supported 
by ^ N M R spectrometry.94 Based on the symmetric configuration ofEu2(TPP)2(Pc), 
the fragment ion [Eu(Pc)]+ is proposed to be formed from the daughter ion 
[(TPP)Eu(Pc)]+ rather than directly from the parent ion, in which simultaneous 
cleavage of two bonds is required which is relatively unfavorable. 
4.2.3. Charge-Transfer Processes 
The observation of characteristic fragment ions provides eminent support for 
the assignment of the configurations of the heteroleptic triple-decker complexes. It is, 
however, extremely important to evaluate the possibility of fragmentation in terms of 
electronic arrangement. 
Considering the fragmentation pattern of [Eu2(TPP)(Pc)2]^, it would be 
impossible to account for the observation of some singly charged fragment ions, such 
as [Eu(TPP)(Pc)]+ and [Eu(Pc)2]^ without assuming intramolecular charge-transfer 
prior to fragmentation. To observe [Eu(TPP)(Pc)]+, the ligands associated with this 
fragment ion must be oxidized to give an overall charge of 2-. In a typical low energy 
fragmentation, cleavage of a singly charged molecular ion usually leads to the 
formation of a singly charged fragment ion and a neutral fragment. In order to 
account for the loss of the neutral fragment [Eu(Pc)], either the ligand (Pc) or the 
metal center (Eu) would have to be reduced to it's -3 or +2 state respectively. From 
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the known stability ofPc^"“ ^ and Eu^+.io " xhe results obtained strongly suggest 
that intramolecular charge-transfer had occurred between the macrocyclic ligands 
and/or between the metal center(s) and the macrocyclic ligands. The fragmentation 
pathways for Eu2(TPP)(Pc)2 are summarized in Scheme 4.1a. Based on the same 
argument, the fragmentation pathways for Eu2(TPP)2(Pc) are illustrated in Scheme 
4.1b. 
Although CO2, used as collision gas in SORI-CID experiments, has a 
relatively low tendency of reduction, the possibility of intermolecular charge-transfer 
between the parent ion and CO2 has also been evaluated. Considering 
[Eu2(TPP)(Pc)2]^, further oxidation of this monocation would lead to doubly charged 
molecular ion, i.e. [Eu2(TPP)(Pc)2]^^. However, such doubly charged ion was not 
observed. This implies that intermolecular charge-transfer does not occur or the 
doubly charged ion might undergo prompt dissociation to form [Eu(TPP)(Pc)]+ and 
[Eu(Pc)]+ or [Eu(Pc)2]+ and [Eu(TPP)]+. The dissociation process is again a low 
energy pathway because of the repulsion between the two positively charged 
fragments. To testify this hypothesis, mass-selected SORI-CK) spectra of 
[Eu(TPP)(Pc)]^ were obtained. Results are summarized in Table 4.4. Signals 
corresponding to the singly charged [Eu(TPP)]+ and [Eu(Pc)]+ could be clearly 
observed. If charge-transfer does occur between the parent ion and CO2, doubly 
charged [Eu(TPP)(Pc)]2+ would result. Again, this ion was not observed. Suppose 
this ion does occur and undergoes prompt dissociation to give [Eu(TPP)]+ and 
[Eu(Pc)]+ ions, other product ions such as Pc + and TPP + must also form. No signal 
corresponding to Pc+ and TPP+ ions were however observed. Therefore, 
intermolecular charge-transfer does not contribute significantly for the case described 
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here. To account for the observed [Eu(TPP)f and [Eu(Pc)]+ ions, intramolecular 
charge-transfer within the complexes has to be assumed. This is in consistent with the 
low energy fragmentation pathways which involve the loss of neutral Pc: and TPP: 
moieties. 
4.3. Conclusion 
Lanthanide(III) porphyrin-phthalocyanine heteroleptic sandwich complexes 
were structurally characterized using ESI-FTICR. With the use of both NS 
dissociation and MS/MS, the structure and electronic properties of the europium 
complexes were studied and reported. The synergy of the techniques enables us to 
establish two pieces of important information. First, mass spectrometry allows direct 
determination of the configurations of the heteroleptic triple-decker complexes. 
Depending on the nature of the ligands, it is concluded that both symmetric and 
asymmetric complexes can be formed. In the europium system, Eu2(TPP)(Pc)2 and 
Eu2(TPP)2(Pc), the former takes the asymmetric configuration as 
(TPP)Eu(Pc)Eu(Pc) whereas the latter adopts the symmetric configuration as 
(TPP)Eu(Pc)Eu(TPP). Second, there is evidence to suggest the idea that charge-
transfer processes do occur prior to molecular fragmentation under CED conditions. 
The NS and SORI-CBD mass spectra of the europium complexes showed the 
occurrence of some unexpected fragment ions. The formation of these ions can be 
explained using a mechanism involving charge-transfer. Based on the comparison of 
the fragmentation patterns observed in double- and triple-decker complexes, it is 
concluded that intramolecular charge-transfer processes were more likely to occur 




The experimental results presented in this thesis have demonstrated some 
organic and inorganic applications ofFourier transform ion cyclotron resonance mass 
spectrometry (FTICR). A detailed analysis of the fragmentation patterns of a series of 
low mass (MW<3,500 Da) terpyridine-based polyether dendrimers and their 
corresponding iron(II) metallocomplexes has been successfully performed using 
liquid secondary ion mass spectrometry (LSMS). Fragmentation behavior of these 
compounds was well-correlated to their structural features. By means of the 
completely resolved isotopic pattem of the observed peaks gained from the high 
resolution capability of FTICR, high orders of multiple charging for both the free 
dendrimers and their corresponding metallodendrimers were identified. The formation 
of these multiply charged ions is postulated to be the result of multiple loss of 
electrons from the terpyridine moieties of the molecules. Coupling electrospray 
ionization (ESI) to FTICR has circumvented the deficiency of LSEMS in measuring 
high mass (MW>3,500 Da) dendrimers and metallodendrimers. Strong molecular ion 
signal was recorded with little fragmentation. The observation of ions at m/z -6,000 
also demonstrated the capability ofFTICR in trapping and detecting high m!z ions. It 
is concluded that FTICR can be a powerful technique in measuring high mass and 
involatile organic molecules. 
ESI-FTICR has also been successfully used to characterize a series of neutral 
lanthanide(III) porphyrin-phthalocyanine heteroleptic sandwich complexes. The 
interesting results has suggested that these neutral inorganic complexes can be 
77 
ionized in solution at the ES needle/solution interface via an electrochemical 
oxidation inherent to the ES process. Intact molecular ions can be detected in the gas 
phase as their radical cations. Making use of the tandem mass spectrometry (MSMS) 
capability of FTICR and the unique nozzle-skimmer (NS) dissociation technique 
associated with ESI, the configurations of the europium triple-decker complexes 
were assigned. Eu(TPP)(Pc)2 takes the asymmetric configuration as 
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